Introduction {#S0001}
============

Breast cancer is responsible for roughly 30% of all recent cancer cases annually, with an incidence of about 4.5 thousand new cases of breast cancer diagnosed daily worldwide.[@CIT0001],[@CIT0002] Moreover, around 25% of breast cancers have an overexpressed human epidermal growth factor receptor2 (Her2),[@CIT0003] which is a transmembrane protein belonging to the HER family of 4 growth factor receptors (HER1 to HER4) that are very important in cellular growth and are often up-regulated in several cancers including breast cancer. HER-2 has become an important therapeutic target in breast cancer, and this could be explained by the fact that: (i) HER-2 level is a very important component of the pathogenesis and prognosis of breast cancer; (ii) human cancer cells showed higher expression and proven amplification of the HER-2 gene compared to normal adult tissues, suggesting that anti-HER-2 therapy would target most cancer cells in a given patient; and (iii) HER-2 overexpression is present both in the primary tumor and in metastatic sites, indicating that anti-HER-2 therapy may be effective in all disease stages.[@CIT0004]--[@CIT0006] HER2-positive breast cancer is generally more aggressive and spreads more rapidly than HER2-negative breast cancer. Additionally, HER2-positive breast cancer is more difficult to treat with the hormonal therapy used for other types of breast cancer.[@CIT0007],[@CIT0008] The most important target in anticancer development is the discovery of targeted therapy in which the treatment is designed to kill cancer cells while minimizing damage to the healthy cells by subsiding the action of abnormal proteins that induce cell growth and out of control division. For example, trastuzumab (Herceptin) is a humanized monoclonal antibody directed against the human epidermal growth factor receptor-2 (HER2), which significantly reduced the risk of relapse and increased the survival in women with early-stage and metastatic cancer. Back then, it was the first oncogene-targeted therapy approved by the US Food and Drug Administration for treating breast cancer in 1998.[@CIT0009] Although trastuzumab is a successful targeted therapy for the treatment of HER2 overexpressing (HER2-positive) breast cancer, unfortunately, this treatment is associated with an increased risk of cardiotoxicity.[@CIT0010] In addition, a significant number of patients with HER2-overexpressing breast cancer would initially or eventually become resistant to anti-HER2-based therapy with trastuzumab.[@CIT0005],[@CIT0011],[@CIT0012] Therefore, several studies have been conducted to understand the mechanism of trastuzumab resistance and develop combination strategies to overcome this resistance.[@CIT0005],[@CIT0011],[@CIT0012] Several cases have shown that the combination of trastuzumab and neratinib was effective in overcoming drug resistance, improved the response rate and even led to a synergistic effect. Neratinib is a kinase inhibitor,[@CIT0013] indicated for the extended adjuvant treatment of adult patients with early-stage HER2-overexpressed/amplified breast cancer. Neratinib is only available in tablet dosage form and it is required to be used in a high dose for over a year, which is associated with more adverse effects.[@CIT0014],[@CIT0015] Cancer nanotherapeutics are rapidly progressing and are being implemented to solve several limitations of conventional drug delivery systems such as nonspecific biodistribution and targeting, lack of water solubility, poor oral bioavailability, drug resistance, and low therapeutic indices.[@CIT0016] Dendrimers are branched, synthetic polymers with layered architectures that show promise in several biomedical applications.[@CIT0017]--[@CIT0019] Advances in our understanding of the role of molecular weight and architecture on the in vivo behavior of dendrimers, together with recent progress in the design of biodegradable chemistries, have enabled the application of these branched polymers as targeted carriers of chemotherapeutics. This work aims to prepare a nanoformula of PAMAM dendrimers loaded with neratinib labeled with FITC and conjugated with trastuzumab as dual treatment of breast cancer. The use of a nanoformula would allow using a small dose of neratinib, avoiding the side effects associated with high oral doses. Conjugating the loaded dendrimers with trastuzumab would allow a dual treatment alongside reducing the associated resistance as well as targeted therapy.

Materials and Methods {#S0002}
=====================

Loading of Neratinib into G4 PAMAM Dendrimers {#S0002-S2001}
---------------------------------------------

Excess amounts of neratinib (UFC Biotechnology, USA) were thoroughly vortexed with predetermined concentrations of pegylated poly amidoamine dendrimers \[10% PAMAM\] (Generation 4) (PEG-PAMAM) (Sigma-Aldrich, USA) in a 5:1 molar ratio. The mixture was left overnight with stirring at room temperature for equilibration. The free drug was removed by Dialysis (MWCO 1000 Da) against double-distilled water for 10 min. The loaded Stealth Dendritic Nanospheres were then estimated spectrophotometrically in ethanol at λmax 382 nm.

Morphological Studies, TEM {#S0002-S2002}
--------------------------

Blank and loaded dendrimer was subjected to morphological evaluation to determine the size and shape of the blank and loaded dendrimer using a transmission electron microscope (TEM) JEOL JEM-1011.

Synthesis and Characterization of TZ-Grafted PAMAM Dendrimers {#S0002-S2003}
-------------------------------------------------------------

### Synthesis of FITC-Labeled Dendrimers {#S0002-S2003-S3001}

FITC-labeled dendrimers were made as previously described;[@CIT0019] in brief, dendrimers were dissolved in PBS (pH 7.4), and then mixed with FITC (Merc, Germany), in 1:6 molar ratio. The mixture was stirred overnight and dialyzed against PBS for 24 h. The molar ratio of FITC conjugation to dendrimers was determined from the absorbance at 495 nm using a UV-VIS spectrophotometer. Samples were scanned in the wavelengths-range of 200--800nm for qualitative analysis.

### Conjugation of Heterocross-Linker, Maleimide-Poly(Ethylene) Glycol-N-Hydroxysuccinimide (NHS-PEG-MAL) to FITC-Labeled Dendrimers {#S0002-S2003-S3002}

This was done as previously described;[@CIT0019] in brief, NHS ester of PEG-MAL was reacted with FITC-conjugated dendrimer in a molar ratio of 3:1 in PBS (pH 8), then stirred for 30 min at room temperature. The synthesis of dendrimer-PEG-MAL was confirmed by 1H NMR spectroscopy (data not shown). The obtained dendrimer-PEG-MAL conjugate was then dissolved in D2O and scanned using Avance 500NMR (Bruker, UK).

### TZ Thiolation {#S0002-S2003-S3003}

As a separate reaction, TZ was dissolved in PBS and allowed to be reacted with 2-iminothiolane hydrochloride in a 1:10 molar ratio for 2 h. Thiolated TZ was purified by dialysis (MW cutoff 12,000--14,000) in PBS to remove the 2-iminothiolane hydrochloride. The number of thiol groups on the TZ was determined using Ellmann's test.[@CIT0020] Then, SDS-PAGE was used for analysis.

### Bioconjugation of Thiolated TZ with Dendrimers {#S0002-S2003-S3004}

Thiolated TZ was coupled with heterocross-linked, conjugated, FITC-labeled dendrimers (10:1 ratio) to give a bioconjugate. The NHS-PEG-MAL cross-linked dendrimer solution was mixed with the thiolated TZ solution at room temperature overnight.TZ-dendrimer conjugate was dialyzed with PBS, pH 7.4.

### Characterization of TZ-Dendrimer Conjugate {#S0002-S2003-S3005}

The surface potential of various nanoconjugates was measured using a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd, Malvern, UK). Samples were diluted in deionized water and analyzed at 25°C. TZ-dendrimer conjugates were also characterized by SDS-PAGE analysis. All gels were electrophoresed using Mini-Protean II electrophoresis units (Invitrogen, USA) at a constant voltage of 200 V in Tris/glycine/SDS buffer. The hydrodynamic diameter of PAMAM dendrimers was determined using a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd).

In vitro Drug Release Studies: Using a Dialysis Method in PBS (pH 7.4) {#S0002-S2004}
----------------------------------------------------------------------

Dendrimer formulations equivalent to 2 mg of neratinib were placed in dialysis tubing (MWCO 2000) in the release medium (100 mL of PBS) at 37°C and stirred at 100 rpm. At different time intervals, 1 mL was withdrawn from the release medium and replaced with the same volume of fresh medium. The samples were diluted, filtered through a 0.22 μm nylon filter, and analyzed with Nanodrop. $$\documentclass[12pt]{minimal}
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Cell Culturing and Cytotoxicity Assay {#S0002-S2005}
-------------------------------------

Human breast cancer SK-BR-3 cell line (HER2-positive) was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were grown in McCoy's 5A medium (Invitrogen, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM/L L-glutamine. Cells were maintained at 37°C in 5% CO~2~.

A cytotoxicity assay was performed using alamar blue assay. First 500 µL of cell suspension were seeded in 24-well plates at a density of 3 × 10^5^ cells/mL and incubated for overnight at 37°C in 5% CO~2~. Then, cells were incubated with neratinib, dendrimer-neratinib, or TZ-dendrimer-neratinib at equivalent drug concentrations ranging from 45 to 250 ng/mL for 48 h. After the incubation period, media were then replaced with fresh medium and 50 μL of alamar blue reagent (Bio-Rad, UK) was added in each well, and plates were subsequently incubated for 2--3 h. To quantify cell survival, the fluorescence intensity of the reagent was measured using a microplate reader (iM3) (BioTek, USA) at 560 nm excitation wavelength and 590 nm emission wavelength. Then, the fluorescence of treated cells was compared with the fluorescence of control untreated cells.

Cellular Uptake Studies {#S0002-S2006}
-----------------------

Cell-covered coverslips in 6-well plates were incubated with dendrimer-FITC or TZ-dendrimer-FITC conjugates, at an equivalent FITC concentration of 100 μg/mL for 5 h; after that the cells were washed with PBS three times and stained with DAPI for 10 min then fixed with 4% paraformaldehyde in PBS. Cellular uptake of FITC-labeled nanoparticles were visualized using confocal microscopy (Carl Zeiss, Jena, Germany). Images were analyzed using ZEN LSM (Carl Zeiss) software.

HPLC Assay for Neratinib {#S0002-S2007}
------------------------

A simple new HPLC method was utilized for determination of neratinib. It is a simple process appropriate for routine work. The concentration of neratinib was measured applying a Waters HPLC system, utilizing Waters 2707 autosampler delivery system and using a symmetry C18 column (4.6 x 1.0 cm) packed with 5-µm spherical particles with a gradient mobile phase 10 mM ammonium acetate buffer pH 3--0.1% formic acid:methanol -- 0.1% formic acid; 80:20, v/v. The mobile phase was prepared daily during the study, filtered through a 0.22-µm millipore filter, and degassed under vacuum. The total run time was 5.0 min and the autosampler temperature was ambient temperature. The flow rate was 1 mL/min and the injection volume was 20 μL and detection was performed at 220 nm. Data were analyzed with an Empower Pro Chromatography Manager Data Collection System.

Standard and Sample Solutions {#S0002-S2008}
-----------------------------

A stock solution containing 10 mg of drug in mobile phase was stored in 4.0-mL glass vials at −30°C. A daily standard calibration curve (n=3) ranging from 10, 20, 40, 60, 80, and 100 µg/mL was prepared. The standards were transferred to glass autosampler vials with pre-slit septum (Waters, USA), where 20 µL was injected into the HPLC system for analysis.

Stability Studies {#S0002-S2009}
-----------------

Short- and long-term stability was assessed in stock solution after storage at room temperature, 4 and −30°C. Stability in the stock solution was expressed as the percentage recovery of the stored solution (0, 1, 3, and 6 months) relative to a fresh solution. All stability testing was determined in triplicate. Additionally, the effect of 3 freeze/thaw cycles on analyte concentrations in samples was evaluated by assaying samples after they had been frozen (−30°C) and thawed on 3 separate days and comparing the results with those of freshly prepared samples.

Statistical Analysis {#S0002-S2010}
--------------------

Results are expressed as the mean and standard deviation of three experiments each performed in triplicate (n = 9). Statistical significance was analyzed using the Student's *t*-test. A probability (*p*) of equal or less than 0.05 was considered statistically significant.

Results and Discussion {#S0003}
======================

Formulation, Loading and Characterization of Neratinib in PAMAM Dendrimers {#S0003-S2001}
--------------------------------------------------------------------------

Neratinib was loaded into G4 PAMAM dendrimers then conjugated to trastuzumab by a 5-step reaction ([Figure 1](#F0001){ref-type="fig"}). When loading neratinib into G4 PAMAM dendrimer, data from previous reports have been considered;[@CIT0021] the study indicated that the loading of dendrimers after bioconjugation to trastuzumab yield a lower loading percentage.[@CIT0019],[@CIT0021] Thus, loading dendrimers was achieved via strong vertexing in a molar ratio of 5:1 of neratinib to dendrimer. TEM imaging was used for morphological characterization of the encapsulated dendrimers ([Figure 2](#F0002){ref-type="fig"}). The percentage of encapsulation efficiency was calculated by comparing neratinib released form the formula to the original concentration used. Using the equation EE% = \[(Total drug-free drug)/Total drug ∙100\] the calculated EE% was around 19.24%. Then, loaded dendrimers were subjected to fluorescence labeling with FITC and crosslinked with maleimide-poly(ethylene) glycol-N-hydroxysuccinimide (NHS-PEG-MAL) as previously described[@CIT0019] to allow successful linking to thiolated trastuzumab. Thiolation of trastuzumab was accomplished using Traut's reagent (2-iminothiolane hydrochloride) where the number of thiol groups on the TZ was determined using Ellmann's test.[@CIT0020] Approximately 3.6 thiol groups were generated per one molecule of TZ. The activity of TZ was checked after thiolation using Bradford assay and compared to TZ before thiolation ([Figure 3](#F0003){ref-type="fig"}). Finally, the pegylated dendrimers were reacted with the thiolated TZ, and the conjugation was confirmed by SDS-PAGE analysis as seen in [Figure 3](#F0003){ref-type="fig"}. [Figure 4](#F0004){ref-type="fig"} shows the in vitro release of neratinib from dendrimers and from TZ-conjugated dendrimers. Both formulas showed sustained release pattern with about 10% less amount released from TZ-conjugated loaded dendrimers. This could be attributed to the loss or the release of some drug during the conjugation process.Figure 1Schematic illustrating the five-step reaction to prepare a formula of neratinib loaded into G4 PAMAM dendrimers then conjugated to trastuzumab as targeted therapy for breast cancer. Step 1: loading of neratinib into G4 PAMAM dendrimers, step 2: synthesis of FITC-labeled dendrimers, step 3: conjugation of heterocross-linker maleimide-poly(ethylene) glycol-N-hydroxysuccinimide (NHS-PEG-MAL) to FITC-labeled dendrimers, step 4: TZ thiolation, step 5: bioconjugation of thiolated TZ with loaded dendrimers.Figure 2TEM images at different magnification to study the morphology of (**A**) blank PAMAM dendrimers and (**B**) neratinib loaded PAMAM dendrimers verifying encapsulation of neratinib inside the dendrimer.Figure 3Efficiency of bioconjugation of thiolated TZ with dendrimers (**A**) SDS-PAGE analysis of TZ (lane 2), thiolated TZ (Lane 3) and marker (lane 1) \[left side\]. Tests run at a constant voltage of 200 V in Tris/glycine/SDS buffer. The activity of TZ was checked after thiolation (**B**) Bradford assay of the formula after each step checking the activity of TZ within the formula \[right side\].Figure 4In vitro release of neratinib calculated as percentage of cumulative release from dendrimers and TZ-conjugated dendrimers showing similar sustained release pattern with decreased amount from TZ-conjugated dendrimers as 10% of loaded drug lost through the process. No significance difference between the two formulas.

The surface charge of the dendrimers was estimated at various stages ([Table 1](#T0001){ref-type="table"}). Plain dendrimers showed a positive zeta potential (14.6 mV) due to the cationic surface groups (64-amine) on their surface. After conjugation with NHS-PEG-MAL, the zeta potential decreased to 5.6 mV, while after TZ was grafted onto the dendrimer surface it was further reduced to −3.98 mV. Since TZ has an isoelectric point (pI) of 5.91, with an overall anionic nature at physiological pH, the reduction in zeta potential value supports successful conjugation of TZ with the dendrimers.Table 1Zeta Potential Value of Different Conjugates and Plain DendrimersStep NoConjugateZeta Potential (mV)1PAMAM dendrimer14.6 ± 0.962FTIC labeled-dendrimer PEG-NHS ester5.6 ± 0.143Thiolated trastuzumab−5.91± 0.345Neratinib-FTIC labeled-dendrimer PEG-NHS ester-thiolated trastuzumab−3.98 ± 0.62

In vitro Cytotoxicity and Cellular Uptake {#S0003-S2002}
-----------------------------------------

SKBR-3 (HER2-positive) breast cancer cell line was used to examine the anticancer action of neratinib formulations. This cell line was used to provide a good understanding of the contribution of TZ in targeting HER2-positive breast cancers.[@CIT0018] The cytotoxic effect of neratinib, neratinib-loaded-dendrimers and neratinib-loaded-dendrimers-TZ grafted against SKBR-3 cell line are shown in [Figure 5](#F0005){ref-type="fig"}. It is clearly shown in [Figure 5](#F0005){ref-type="fig"} that at a 45 ng/mL concentration of neratinib, the SKBR-3 cell viability after 48 h was 40%, 36%, and 33% (average % ± SD) for neratinib, neratinib-loaded-dendrimers and neratinib-loaded-dendrimers-TZ grafted, respectively. The results revealed that neratinib-loaded dendrimers were more cytotoxic than neratinib alone. Trastuzumab-grafted neratinib dendrimers were more cytotoxic than plain neratinib dendrimers. This could be attributed to the affinity of trastuzumab to the HER2 receptors expressed in SKBR-3 cells, leading to binding and subsequent nanoparticle internalization via receptor-mediated endocytosis.[@CIT0021]Figure 5Percentage of cell viability of human breast cancer cell lines SKBR-3 (HER2-positive) treated with neratinib, neratinib-loaded-dendrimers, and neratinib-loaded-dendrimers trastuzumab grafted. Untreated cells were used as control, data are presented as the mean ± SD of triplicate experiments. Cytotoxicity assay was performed using alamar blue assay. Then cells were incubated with neratinib, neratinib-dendrimer or neratinib-dendrimer-TZ for 48 h then 50 μL of alamar blue reagent for 2--3 h. The fluorescence intensity of the reagent was measured at 560 nm excitation wavelength and 590 nm emission wavelength.

Cellular uptake studies were conducted to examine the internalization of the fluorescently labeled neratinib-loaded-dendrimers prepared. As illustrated in [Figure 6](#F0006){ref-type="fig"}, the uptake of formulated dendrimers was observed after 5 h; however, neratinib-loaded-dendrimers-FITC-TZ grafted showed higher fluorescence signal than neratinib-loaded-dendrimers-FITC. This was confirmed by the results of fluorescence intensity quantitative analysis, in which neratinib-loaded-dendrimers-FITC showed statistically significant higher fluorescence intensity compared to that of neratinib-loaded-dendrimers-FITC alone (*p* ˂ 0.05) ([Table 2](#T0002){ref-type="table"}). These findings were in agreement with previous studies,[@CIT0018],[@CIT0021],[@CIT0022] in which cellular uptake and antiproliferative effect of TZ-conjugated dendrimers loaded with docetaxel were significantly higher than for plain dendrimers.[@CIT0021]Table 2Quantitative Uptake of Neratinib-Dendrimer-FITC-Trastuzumab by SKBR-3 Cells with or Without Trastuzumab After 5 h of Incubation. \*indicates Comparison with Neratinib-Dendrimer (\**p*\< 0.05)Neratinib-DendrimerNeratinib-Dendrimer- TZAverage of fluorescence intensity ± SD310 ± 351330\* ± 110 Figure 6Cellular uptake studies of fluorescently labeled neratinib-loaded-dendrimers. (**A**) Fluorescent microscopic images of neratinib-dendrimer-FITC, and neratinib-dendrimer-FITC-trastuzumab after 5 h of incubations, and control untreated cells. Scale bars = 10 µm. (**B**) Quantitative fluorescence intensity of prepared dendrimers. Data are presented as the mean ± SD of triplicate experiments. \**p* \< 0.05 in Student's *t*-test relative to non-targeted neratinib-dendrimer formula.

HPLC Analysis of Neratinib {#S0003-S2003}
--------------------------

A simple, accurate, and precise RP-HPLC assay for neratinib was developed for the determination of the concertation of neratinib. The linearity was over the range 10--100 µg/mL with a regression coefficient value of 0.9997 ([Figure 7A](#F0007){ref-type="fig"}). The retention time was 3.8 min ([Figure 7B](#F0007){ref-type="fig"}) with the condition mentioned above.Figure 7HPLC assessment of neratinib. (**A**) Calibration curve of standard neratinib. A stock solution containing 10 mg of drug in mobile phase was used. A daily standard calibration curve (n=9) of 10, 20, 40, 60, 80, and 100 µg/mL was prepared. The standards were transferred to glass autosampler vials with pre-slit septum (Waters, USA), where 20 µL was injected into the HPLC system for analysis. (**B**) Representative HPLC chromatogram of neratinib at 220 nm using Waters HPLC system, utilizing Waters 2707 autosampler delivery system and using symmetry C18 column (4.6 x 1.0 cm). The total run time was 5.0 min and the autosampler temperature was ambient temperature. The flow rate was 1 mL/min and the injection volume was 20 μL and detection was performed at 220 nm. Data were analyzed with an Empower Pro Chromatography Manager Data Collection System. All experiments were performed three times in triplicate.

Stability {#S0003-S2004}
---------

Neratinib was stable in the treated samples held in the autosampler at 25°C for 24 h with mean calculated values within 4.2±0.21% of the nominal concentration ([Figure 8](#F0008){ref-type="fig"}). However, the samples lost 6.52±0.24% of their nominal concentration within one month if stored protected from light in the autosampler. Therefore, it is a stable drug and can be kept at room temperature. However, after one month the amount lost decreases up to 12 within 3 and significantly reduced by 23% after 6 months (*p* \> 0.05). So, it is recommended to protect the drug standard solution at 4°C or −30°C. The freeze--thaw temperature cycles did not significantly (*p* \> 0.05) affect the stability of neratinib in all three cycles, even after 72 h, with the mean calculated values within 4.24% of the nominal concentration.Figure 8Stability of released neratinib from formula in autosampler and after freeze-- thaw cycles for 6 months. Data are presented as the mean ± SD of triplicate of three different experiments (n = 9). \**p* \< 0.05 in Student's *t*-test relative to neratinib loss by 23% after 6 months.

Conclusion {#S0004}
==========

The result of the current study revealed the successful preparation of neratinib loaded dendrimers and trastuzumab-grafted neratinib dendrimer. TEM images showed the spherical surface of dendrimers in the nanoscale range and successful encapsulation of the drug. An in vitro release study demonstrated a sustained pattern of release from both formulae. A significant increase in cellular uptake of trastuzumab-grafted dendrimer was obtained when compared with plain dendrimer. Cytotoxicity studies revealed that neratinib-loaded dendrimers were more cytotoxic to cancerous cells than neratinib alone; however, trastuzumab-grafted neratinib dendrimers had slightly higher cytotoxic effect compared to untargeted plan neratinib dendrimers. The targeted nanosystems used in our study could provide the benefit of the use of a lower dose of any cytotoxic drugs, e.g. neratinib, overcoming the unbearable side effects of chemotherapeutic agents.
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